Sturmanite, ideally Ca 6 Fe 3+ 2 (SO 4 ) 2.5 [B(OH) 4 ](OH) 12 •25H 2 O, is trigonal, P31c, Z = 2, with a 11.188(9), c 21.91(7) Å, V 2375.1(5) Å 3 . The crystal structure has been refined to an R index of 0.079. As in the case of ettringite, two coaxial elements parallel to [001] can be considered as the most distinctive features of sturmanite. The main one is a column of polyhedra formed by Fe-octahedra and Ca-polyhedra. The Fe(OH) 6 octahedra are located along the three-fold axes that pass through the origin of the cell. They are linked to three VIII Ca-polyhedra, located around the three-fold axes, in between the Fe(OH) 6 octahedra. The second structural element parallel to [001] contains [SO 4 ] and B(OH) 4 tetrahedra; it is located along three-fold axes at (⅓, ⅔, z) and (⅔, ⅓, z). Both structural modules are linked to each other by a complex system of hydrogen bonds. On the basis of a complete determination of the structure, the chemical composition of sturmanite is close to Ca 6 [Fe 3+ 0.6 
INTRODUCTION
Sturmanite was originally discovered in association with barite in a specimen from the Black Rock manganese mine, Kuruman District, Kalahari manganese field, North Cape province, South Africa (Moore & Taylor 1970) , and belongs to the thaumasite-ettringite mineralogical group. Like two other boron-bearing ettringite-group minerals, buryatite and charlesite (Table 1) , it forms flattened dipyramidal crystals, the main forms being {1014} for sturmanite and charlesite, and {0001} for buryatite, whereas prismatic crystals are more common among boron-free members of the group. According to Pöllmann et al. (1989) and Merlino & Orlandi (2001) , two distinct subgroups exist within the thaumasite-ettringite group, the first with tetravalent cations (Si, Mn, Ge) and hexagonal symmetry, the second with trivalent cations (Al, Cr, Fe) and trigonal symmetry. Thaumasite, jouravskite and carraraite are the members of the first subgroup, whereas ettringite, bentorite, sturmanite, charlesite and buryatite belong to the second one. Among the minerals of the latter subgroup, ettringite is the only one whose structure has been reported so far (Moore & Taylor 1970) . Therefore, a structural investigation of sturmanite is highly desirable, especially if one considers that the chemical formula of sturmanite given by Peacor et al. (1983) 12 •25H 2 O, is tentative and was obtained as a result of analyses of impure material. In particular, the contents of boron, sulfur and Mn 2+ in sturmanite seem problematic, and raise doubts that can be solved only through crystal-structure information. Besides, sturmanite represents the first boron-bearing ettringite-group mineral to be studied structurally. Two other boron-bearing members of this group, namely charlesite (with B + Al) and the recently discovered buryatite (with B + Si), apparently do not form crystals suitable for structural study , Malinko et al. 2001 .
A new discovery of sturmanite from its type locality in Black Rock mine has provided crystals of better quality ( Fig. 1) The single-crystal X-ray-diffraction study, initially carried out with rotation and Weissenberg photographs, and followed by collection of intensity data with an Ital Structures four-circle diffractometer, showed the crystals to be trigonal, space group P31c, with unit-cell dimensions a 11.188(9), c 21.91(7) Å. Details of the X-ray data collection and structure refinement of sturmanite are given in Table 2 .
The structure was refined using the SHELX-97 program (Sheldrick 1997 ) with starting parameters taken from ettringite (Moore & Taylor 1970) . Most of the atom positions confirm the general model of ettringite, and the R factor at an initial stage was 0.12. However, several specific features of sturmanite were revealed during the cycles of least-square refinement. In particular, we first introduced the S(1) atom and its ligands with full occupancy, but after some cycles of refinement the values of the displacement parameters indicated that the S(1) is incompletely filled. Eventually, the occupancy factor of that site was set to 0.7 and, at the same time, a new B(1) site with the occupancy 0.3 was included in the center of the bases of the tetrahedron. Thus B(1) is in triangular coordination, as a [B(OH) 3 ] group. The almost regular tetrahedral coordination around the S(3) site is consistent with S atoms only located in its center. Besides, the difference-Fourier map showed up new sites, attributed to boron and its ligands (oxygen atoms in tetrahedral coordination). In the process of refinement, it became evident that some atoms of oxygen belonging to the [S(2)O 4 ] tetrahedron and the [B(4)(OH) 4 ] tetrahedra are split. As both cations lie on the threefold axes, the splitting arose from 60° rotation of the basal plane. Moreover, in both cases, inverted, upside-down tetrahedra were observed. In the case of S(2), an inverted tetrahedron is formed by one O(14') and three O(17') as the ligands, whereas in the case of B(4), an inverted tetrahedron is formed by one O(20') and three O(19'). These features were accounted for during the refinement. The presence of [B(OH) 4 ] tetrahedra was confirmed in the IR spectrum, which contains a band in the interval 940-1000 cm -1 assigned to B-O stretching vibrations of the [B(OH) 4 ] tetrahedra (Pöllmann et al. 1989) .
The scattering power of both octahedral sites [22.6 e for Fe (1) The final difference-Fourier map is featureless: ⌬ maximum and minimum were +1.68 and -0.95 e/Å 3 . The final coordinates and displacement parameters of the atoms, selected interatomic distances, and bondstrength calculations are reported in Tables 3, 4 and 5 respectively. On the basis of the bond-valence sums, a tentative scheme of hydrogen bonding is proposed. The interatomic distances between O-atoms involved in Hbonds are listed in Table 6 . The crystal structure of sturmanite, drawn by the program ATOMS (Dowty 1995) , is shown in Figures 2 and 3 6 ] octahedra are located along the three-fold axes, which pass through the origin of the cell. They are linked on both sides, by edge-sharing, to the triplets of VIII Ca-bearing polyhedra. Besides the (OH) groups, which are shared between Fe-octahe-dra and Ca-polyhedra, each of the latter contains four H 2 O molecules, located on the outer surface of the columns.
The second structural module parallel to [001], whose configuration is more variable and less ordered owing to statistical orientation of the polyhedra, is formed of [SO 4 The distribution of the hydrogen bonds allowed us to improve the bond-valence sums (Table 5 ) and to propose a tentative scheme of hydrogen bonds. Such a scheme is slightly incomplete, since a few contributions, namely the hydrogen bonds having O(16), O(19), O(19'), O(20) , and O(20') as donor oxygen atoms, are missing. The contribution of the hydrogen bonds to the bond-valence sums has been considered, in keeping with the site-occupancy factors (s.o.f.) of the atoms involved. Accordingly, all the bond valences of the hydrogen bonds marked with an asterisk in Table 5 were divided by two in the horizontal sums. The contribution of the hydrogen bonds to acceptor O(16) has been divided according to the s.o.f. of S(1) and B(1) atoms (0.7 and 0.3, respectively), which are linked to O(16). Consequently, there are two rows in Table 5 , one for O(16) = O linked to S(1) and O(16) = OH linked to B(1). Note that the bond-valence sum for S(2) ( Table 5 ) is either of these two: i) with O(14) and O(17) = 1.59 + 3ϫ 1.56 = 6.27; ii) with O(14') and O(17') = 1.60 + 3ϫ 1.29 = 5.47. Both sums are reported in the last row of column S(2). For an analogous reason, a twofold sum occurs in the last row of column B(4). Overall, some deviations from ideal values occur in the bond-valence sums over cations, especially for sulfur, owing to some soft metrical constraints set at the final stages of the refinement, which resulted in shorter-than-usual S-O distances.
The important problem of composition of sturmanite is connected with the oxidation state of Mn. Unfortunately, the direct wet-chemical analysis of Mn 2+ , Mn 3+ and Mn 4+ is difficult because Mn can change its valency in the solution under mild conditions. tentatively assigned a charge of 2+ to the manganese, although the presence of Fe 3+ and Al 3+ suggests that the Mn in this structure might be present with a higher oxidation state. It is well known that the ion Mn 3+ is a strong chromophore. The deep-purple color of purpurite and piemontite is due to the presence of this ion. In a mineral of the ettringite group, jouravskite, Ca 6 Mn 4+ 2 (SO 4 ,CO 3 ) 4 (OH) 12 •26H 2 O, Mn is assumed to be tetravalent (see also Gaudefroy & Permingeat 1965) . The color of jouravskite is greenish to yellow. The investigated specimen of sturmanite is also brownish yellow. Moreover, jouravskite is known to occur at the same Mn deposits of South Africa in which sturmanite was found. All these observations allowed us to consider that the Mn in sturmanite may well be in the Mn 4+ oxidation state. In connection with the variable composition of the second module in sturmanite, it is worthy of note that Pöllmann et al. (1989) (7) and O(8), four possible hydrogen bonds were located on the basis of O...O distances, which are interpreted to be due to a statistical occurrence of two different H 2 O molecules for both O(7) and O(8), in keeping with the partial occupancy of the acceptor oxygen atoms involved.
